Compositional, structural, and optical properties of molecular-beam epitaxy grown Al x Ga 1−x N films were characterized by transmission electron microscopy ͑TEM͒, x-ray diffraction, and cathodoluminescence spectroscopy. Spontaneous modulation, phase separation, and band gap reductions were observed to vary systematically with AlN mole fraction across the full alloy series. At low AlN mole fraction ͑x ഛ 0.5͒, AlGaN epilayers display pronounced phase separation. With increasing AlN mole fraction, phase separation is strongly suppressed by the formation of spontaneous modulation which high spatial resolution TEM techniques unambiguously determine to be atomic-scale compositional superlattice. The formation of the spontaneous superlattice is considered responsible for the pronounced reductions in band gaps and emission energies, exceeding several hundred meV for the Al-rich AlGaN, which has been confirmed by band structure calculations.
I. INTRODUCTION
AlGaN single crystal alloys are wide band gap semiconductors envisioned for numerous optoelectronic applications in the ultraviolet spectral region. [1] [2] [3] However, the key enabling aspect of such technologies, the growth of highquality AlGaN films, has proven to be very challenging. 3, 4 Due to the much lower mobility of Al versus Ga and the lack of a thermally and lattice-matched substrate, AlGaN films often suffer from extensive defects and cracking. The high donor and acceptor ionization energies result in low conductivity for both n-and p-doped in Al-rich AlGaN epilayers. 3 In addition, tailoring of the band gap with alloy composition has been difficult to predict theoretically. As summarized by Lee et al. , the band gap emission of AlGaN has been reported to vary over ϳ1 eV for the same alloy composition. 5 Especially pronounced are the reduced band gaps in the Alrich regime. 5 Compositional inhomogeneity, e.g., phase separation, spontaneous ordering, and compositional modulation, has been a critical issue for epitaxial semiconductor alloys and has attracted tremendous attention. [6] [7] [8] In contrast to InGaN, which exhibits a strong tendency toward spinodal phase separation, 2, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] AlGaN alloys are usually considered miscible above room temperature due to the small lattice mismatch between AlN and GaN. 2, 13, [16] [17] [18] On the other hand, spontaneous long range ordering structure has been reported in both AlGaN ͑Refs. 19-31͒ and InGaN ͑Refs. 9-13͒ grown by molecular-beam epitaxy ͑MBE͒ and metal organic chemical vapor deposition ͑MOCVD͒. The spontaneous long-range ordering ͑mostly 1:1 ordering, layer-by-layer alternation of the atoms in cation or anion sublattice along the ͓111͔ direction during growth along the ͓001͔ direction͒ has been shown to significantly modify the band gap and other electronic properties of cubic III-V alloys. [6] [7] [8] Both experiment 20, 28, 30 and calculation 31, 32 showed that the 1:1 ordering in AlGaN, commonly considered to consist of alternating Ga-N and Al-N monolayers ͑ML͒, induced band gap reduction but that such reduction is less than 150 meV, i.e., much smaller than the reductions measured. 5 In contrast to the atomic ordering structure in traditional cubic III-V alloys, most reported ordering structures in AlGaN were along the ͓0001͔ axis ͑growth direction͒. In addition, besides the 1:1 ordering, epitaxial AlGaN films can exhibit more complex ordering with a variety of periods. 23, 24, 26, 29, 31 The satellite spots around the fundamental AlGaN reflections in electron diffraction patterns in transmission electron microscopy ͑TEM͒ and x-ray diffraction ͑XRD͒ have been the simplest indicator of the formation of the long range ordering and the main tools. Researchers concluded that such "complex ordering" was compositional ordering with Al-rich and Ga-rich layers or sometimes an AlN / GaN superlattice by ruling out other posa͒ sibilities such as nitrogen vacancy ordering and stacking faults 23 and by comparing the simulated electron diffraction patterns to the experimental patterns. 21, 26 As with the traditional III-V alloys, [6] [7] [8] the growth surface was found to play an important role in the formation of ordering and modulation structure in AlGaN. For example, in MBE-grown AlGaN, the 1:1 ordering is preferred under N-rich growth conditions, while group-III-rich conditions favor longer period modulation. 24 In this study, we report measurements on MBE-grown Al x Ga 1−x N samples with AlN mole fractions x extending across the full alloy series using high spatial resolution TEM, energy-dispersive x-ray spectroscopy ͑EDS͒, high resolution XRD, and cathodoluminescence spectroscopy ͑CLS͒ in an ultrahigh vacuum ͑UHV͒ scanning electron microscope ͑SEM͒. Our results provide direct evidence that the complex ordering is atomic compositional modulation. The systematic dependence of phase separation, spontaneous modulation, and near band edge ͑NBE͒ emission on alloy composition reveals a strong correlation between compositional modulation and the reductions of the NBE optical emission energies. First-principles calculations of the AlGaN band structure with atomic compositional modulations confirm the superlattice-induced band gap reductions and reveal the formation of minibands.
II. EXPERIMENT

A. Sample growth
AlGaN samples were grown in a turbomolecular pumped Varian Gen II MBE system using group III effusion cells and an EPI rf plasma source for nitrogen. 33 Substrates were 2 in. basal plane Al 2 O 3 sapphire wafers covered with ϳ20 nm AlN buffer layers. A series of Al x Ga 1−x N films ͑x = 0.25-1.0͒ was grown at 800°C under group-III-rich conditions. The substrate was heated with constant power instead of thermocouple feedback control to eliminate the possibility of substrate temperature oscillations. Table I shows AlN mole fractions, Si doping densities, and O densities of the 11 samples used in this study. All the AlGaN films ͑samples 1-11͒ were grown at the same rate of approximately 400 nm/ h for 1 h. The wafers were rotated at 1 rpm throughout the growth for all the samples. AlN mole fractions were determined by high resolution double-axis and triple-axis XRD measurements using Vegard's law. Densities of Si and O were measured by secondary ion mass spectroscopy ͑SIMS͒.
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B. TEM specimen preparation and measurement
The cross-sectional TEM specimens were prepared by using a recently developed technique: combined in situ focused ion beam ͑FIB͒ and low-energy Ar ion milling. By using the 30 keV focused Ga ion beam, an Omniprobe micromanipulator, and the deposition of Pt as glue, a piece of sample ϳ2 m in thickness and ϳ20 m in length was cut free and glued to a finger of a specially designed half-open TEM grid from Omniprobe inside an FEI DB235 DualBeam system. Such a sample was then thinned down to ϳ200 nm in thickness followed by Ar ion milling at 2 keV and 4°u sing a Gatan PIPS ion miller. This technique combines the site-specific advantage of FIB and high surface quality of low-energy Ar ion milling. Our EDS and TEM imaging results ͑not shown͒ from pure AlN epilayer on sapphire substrate show that the low-energy Ar sputtering can remove any residual Ga and effectively reduce the surface damage introduced by the FIB. In addition, this technique has proven to be an easy preparation method for very brittle or very soft samples which are otherwise challenging for typical grinding/polishing/ion milling techniques, in particular, the brittle AlGaN / AlN/sapphire samples in this study.
We probed cross-sectional TEM specimens from samples 1 ͑x = 0.25͒, 5 ͑0.50͒, 8 ͑0.80͒, 10 ͑=0.97͒, and 11 ͑1.0͒ using JEOL 2010F and FEI Tecnai TF20 microscopes. We employed a combination of reciprocal ͑electron diffraction͒ and real space techniques ͓high resolution TEM ͑HR-TEM͒, Z-contrast imaging, and EDS line scan in scanning transmission electron microscopy ͑STEM͒ mode͔.
C. X-ray diffraction
A Bede D 1 diffractometer ͑four bounces͒ was used for high resolution double-and triple-axis XRD scans. A Philips X'pert diffractometer was ran under two-bounce mode to allow high intensity XRD scans, which improved signal/ noise ratios and quantification of the modulation-related satellite peaks from samples with weak modulations.
D. Cathodoluminescence spectroscopy
We obtained micro-CLS in plan view for all samples at 12 K using an Oxford MonoCL monochromator and Hamamatsu photomultiplier attached to a JEOL 7800F UHV scanning Auger microscope. 34 The thin cross-sectional TEM specimens were also employed for CLS measurement, which dramatically reduced the beam spreading and allowed CLS measurement from nanometer-sized domains whose structure and composition can be measured by TEM and EDS. Figures 2͑a͒ and 2͑b͒ show cross-sectional HRTEM image and corresponding electron diffraction pattern of sample 8 ͑x = 0.80͒, respectively. The existence of spontaneous modulation is evidenced by the dark lines separated periodically by 10 ML ͑ϳ2.5 nm͒ in the HRTEM image and the satellite spots in the diffraction pattern.
III. RESULTS
A. Spontaneous composition modulation
We used low magnification and atomic resolution Z-contrast imaging ͑Fig. 3͒ and high spatial resolution EDS ͑Fig. 4͒ in a STEM to determine that the spontaneous modulation was that of an atomic compositional superlattice. A Z-contrast image can be considered to be a direct map of atomic locations with intensities strongly depending on the atomic number Z. 35 Figure 3͑a͒ is a low magnification Z-contrast image showing that the composition modulation is very well defined. The modulation was found to spread across the whole TEM specimens ͑Ͼ10 m͒ with no evidence of fluctuation in the stacking sequence. The periodically varying contrast along the c axis in the atomic resolution Z-contrast image ͓Fig. 3͑b͔͒ shows directly that the spontaneous modulation is that of an atomic compositional superlattice consisting of alternating Ga-rich and Al-rich layers. It is shown in Fig. 3͑b͒ that the domain boundary does not affect the modulation significantly and only causes a small shift ͑ϳ half ML͒ along the c axis. EDS spectra from Al-rich layer, Ga-rich layer, and large area ͑average͒ appear in Fig. 4͑a͒ . The Ga mole fraction variation ͓Fig. 4͑b͔͒ measured by high spatial resolution EDS line scans and the intensity profile ͓Fig. 3͑b͔͒ of the Z-contrast image in which each intensity peak corresponds to two atomic layers ͑one unit cell͒ indicate clearly that, instead of occupying two atomic layers in one modulation period ͑10 ML͒ to form an atomically abrupt GaN / AlN superlattice, Ga atoms spread across four to six atomic layers in a sinusoidal-like pattern, consistent with the very weak high order superlattice peaks in both electron diffraction ͓Fig. 2͑a͔͒ and XRD scans ͓Fig. 6͑a͔͒. High spatial resolution EDS determined the AlN mole fraction maximum and minimum to be 0.952 and 0.679, respectively, i.e., a 27.3% variation in Al composition from maximum and minimum ͑modulation amplitude͒. The absolute error of our quantitative EDS measurement is ±2% ͑large area͒ or ±4% ͑subnanometer area͒ by using sample 1 with x = 0.25 ͑determined to be 0.245 in average Al mole fraction by triple-axis XRD scan͒ as standard sample. In general, TEM observations on the AlGaN samples with different AlN mole fractions showed a much stronger tendency to form superlattices at high versus low ͑x ഛ 0.5͒ Al concentration. Thus, we observed no modulation for sample 1 ͑x = 0.25͒ but well-defined 13 ML modulation ͑26 ML for one unit cell͒ for sample 10 ͑x = 0.97͒ ͑Fig. 5͒. For sample 10, the measured Al maximum and minimum were 0.993 and 0.892, respectively.
Figure 6͑a͒ displays a typical symmetric XRD /2 scan from a strongly modulated AlGaN film ͑x = 0.65͒, in which the ͑0002͒ diffractions of AlGaN and AlN buffer layer can be clearly separated. The small angle peak ͑O1͒ corresponds directly to the modulation period. Note that, if 1:1 ordering was present, it would produce a peak at ϳ9°, but no such peak is present. The two first order satellite peaks ͑O2 and O3͒ around the ͑0002͒AlGaN fundamental reflection are very different in their intensities, implying strong interference between compositional and strain modulations. 36 Figure   6͑b͒ shows small angle modulation-related peaks from samples with x = 0.5, 0.65, and 0.8. Consistent with the TEM results, our XRD results show well-defined modulation with single modulation period for each wafer ͑central area͒. For example, we measured the full width at half maximum ͑FWHM͒ of the O1 peak from sample 6 ͑x = 0.65͒ to be 0.085°in high resolution double-axis scan, the same as that of AlGaN ͑0002͒.
Although the modulation amplitude of such superlattices is difficult to quantify by XRD, we can evaluate the relative modulation amplitude by comparing the intensities of the O1 peaks ͓Fig. 7͑a͔͒ or the intensity ratios between the O2 peaks and ͑0002͒AlGaN peaks ͓Fig. 7͑b͔͒. XRD results showed the same variation of modulation amplitude as TEM observations. For x = 0.25, very weak peaks corresponding to 12 ML modulation could only be observed for very strong incident x-ray intensity. With the increase of AlN mole fraction, the intensities first increased slowly from x = 0.25 to 0.50, then increased abruptly from x = 0.50 to 0.65, and then remained high from 0.65 to 0.80. Modulation period decreased from 12 to 10 ML from x = 0.25 to 0.80. Both XRD and electron diffraction showed much weaker modulation-related peaks for Al 0.97 Ga 0.03 N compared to other high Al concentration samples, which is attributed to the weak modulation of both strain and composition at very low Ga concentration. The variation of the XRD peak intensity for samples around x = 0.5 and 0.8 ͓Figs. 7͑a͒ and 7͑b͔͒ indicates that the modulation amplitude is very sensitive to the growth condition and may vary to a large degree even for samples with very similar composition. For example, the intensity of the modulation-related peak of sample 4 ͑x = 0.48͒ is only about half of those for samples 3 and 5, while sample 8 ͑x = 0.8͒ gives much stronger satellite peaks compared to the other two samples with x ϳ 0.80. Figures 7͑a͒ and 7͑b͒ are very consistent over the full alloy series and show that the modu- 
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Gao et al. J. Appl. Phys. 100, 103512 ͑2006͒ lation amplitude in high Al concentration AlGaN ͑samples 6-9͒ is much stronger than that in low Al concentration AlGaN ͑samples 1-5͒. The only exception is that though both Figs. 7͑a͒ and 7͑b͒ show that samples 6 and 8 have the strongest satellite peaks, sample 6 has the strongest O1 peak while sample 8 has the highest relative O2 peak. This discrepancy may be caused by the high surface sensitivity of the small angle O1 peak which can be largely affected by small XRD misalignment due to poor surface qualities and slight film bending. Surface-sensitive low-energy secondary electron imaging ͑not shown͒ demonstrated that sample 6 had considerable less surface structural features than sample 8, indicating a better surface quality for sample 6 ͑x = 0.65͒. The spontaneous superlattice structure also displayed a dependence on the wafer's radial location. For each sample, the central 1 in. diameter area of the wafer, where the above results were taken, was homogeneous in both modulation amplitude and modulation period. The modulation period decreased gradually with increasing distance from the wafer center, while the modulation amplitude increased dramatically in the low ͑x ഛ 0.5͒ Al mole fraction samples but remained relatively constant across the whole wafer in high ͑ജ0.65͒ Al mole fraction samples. Figure 8 shows XRD scans from wafer center and wafer edge areas in sample 5 ͑x = 0.5͒. The modulation period dependence on radius proves that the spontaneous superlattice did not originate from rotation of the wafer. As a counterexample, rotation FIG. 5 . ͑Color online͒ ͑a͒ Low magnification cross-sectional Z-contrast image of sample 10 ͑x = 0.97͒. The inset is a diffraction pattern of the AlGaN film. ͑b͒ EDS spectra from the random domain and a modulated domain indicating that the random domain is pure AlN. effects introduced sinusoidally modulated ZnSe x Te 1−x superlattices in the presence of an inhomogeneous distribution of constituent fluxes, with a constant modulation period controlled by the rotation speed. 37 For the Al x Ga 1−x N reported here, the increase in modulation amplitude with radius is likely due to a slight temperature decrease ͑20-30°C͒ at the wafer edge.
Our preliminary results on the effect of growth rate show that the modulation period decreases with decreasing growth rate. For group-III-rich condition, the growth rate depends on the nitrogen flux. 4 In our initial attempt, an AlGaN film was grown at a lower nitrogen flux. The AlN mole fraction was determined to be ϳ0.80 by XRD. The growth rate was estimated to be ϳ290 nm/ h compared to ϳ400 nm/ h for samples 1-11 by using N flux= ͑Al flux͒ / x ͑Ref. 4͒ and directly measuring the film thicknesses using cross-sectional SEM. Using XRD, the modulation period was determined to be 7 ML in contrast to 10 ML period observed for samples with similar composition grown at a rate of ϳ400 nm/ h. On the other hand, similar satellite peak intensities were observed by XRD in this low growth rate sample compared to samples 7 and 9.
B. Phase separation
Besides the atomic compositional superlattice, the AlGaN films exhibited phase separation. Figure 9͑a͒ and 9͑b͒ show high resolution double-and triple-axis XRD /2 scans of AlGaN samples with different AlN mole fractions. For samples with x = 0.25 and 0.50, the splitting of the ͑0002͒AlGaN peaks is a direct indication of phase separation. Similarly, splitting was also observed in the NBE CL spectra of these two samples ͓Fig. 10͔. For x = 0.25, the AlN mole fractions of the two phases calculated from the splitting of the XRD ͑0002͒ diffraction peaks were 0.198 and 0.266, which match those ͑0.186 and 0.261͒ derived from the NBE emission peaks closely.
We obtained spatial maps of the domain sizes using CL to measure individual peak intensity versus wafer location. Figures 11͑a͒ and 11͑b͒ show CL intensity maps corresponding to the two NBE peaks in the x = 0.25 sample, which confirm that they were from spatially separated regions. Direct measurement from the CL maps showed that domain sizes of the secondary phase were up to ϳ300 nm. For x = 0.5, no 
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Gao et al. J. Appl. Phys. 100, 103512 ͑2006͒ distinguishable domains were observed, indicating a dramatic domain size decrease with AlN mole fraction increase. For x ജ 0.65, phase separation was almost totally suppressed. Instead, strong spontaneous composition modulation appeared. Conversely, no significant composition modulation was evident for x ഛ 0.50. The composition difference of the separated phases in AlGaN is much smaller than in InGaN. Thus, the separated XRD peaks can be easily overlooked by using even a slightly lower resolution XRD setup. For example, the asymmetric shapes of the ͑0002͒AlGaN cannot be easily identified for both samples with x = 0.25 and 0.50 in the high resolution double-axis XRD scans using the two bounce Philips X'pert diffractometer ͓Fig. 9͑c͔͒. Using pure ͑0002͒AlN as a reference, the peak counts of the Philips X'pert was about 20 times that of the Bede, and the full widths at half maximum ͑FWHM͒ and 5% maximum of the XRD peak from the two diffractometers were 0.048°and 0.11°for the Bede versus 0.042°and 0.13°for the Philips X'pert. TEM results showed that the separated phases were very similar in terms of spontaneous modulation. In contrast to the reported coexistence of domains with and without 1:1 ordering structure in InGaN, 12 we did not observe coexistence of modulated and random AlGaN domains. One apparent exception was that Al 0.97 Ga 0.03 N exhibited very small domains ͑Ͻ1% in volume, Ͻ50 nm in width͒ without modulation, but these domains were determined to be pure AlN using EDS ͑Fig. 6͒, which indicated that small local composition variation existed even at very high AlN mole fraction.
The domain size of the secondary phase was found to increase dramatically in the region close to wafer edges. Surface-sensitive secondary electron ͑SE͒ images from regions close to wafer edges showed clear micron-sized circular domains. Figure 12 illustrates these domains and their difference in composition. Figure 12͑a͒ is a SE image from the outer region of the AlGaN wafer with x = 0.5. Figure  12͑b͒ shows EDS spectra from the domains and the matrix between these domains, respectively, which were taken in another SEM equipped with an EDS spectrometer. The Al mole fractions of the secondary domains and the matrix were determined to be 50% and 54% using sample 1 ͑x = 0.245͒ as standard. Figure 12͑c͒ compares micro-CL spectra from the circular domains and surrounding matrix with the CL spectrum from wafer center. These spectra indicate different emissions energies for the domains versus their surrounding. The circular domains exhibit characteristic emission at ϳ4.11 eV while the surrounding matrix shows emission predominantly at 4.32 eV. CL intensity maps at 4.11 and 4.32 eV are shown in Figs. 12͑d͒ and 12͑e͒ , respectively. The emission energy difference between the domains and the matrix was observed to be around 200 meV, corresponding to ϳ7% difference in Al mole fraction which is consistent with triple-axis XRD result ͑not shown͒ that determines the Al mole fractions of the two separated phases to be 0.48 and 0.545, respectively. The smaller difference ͑4%͒ observed using EDS is believed to be due to the effect of backscattered electrons which may excite x ray from a large volume and reduce the composition contrast. The increase in Al mole fraction from 0.50 at the wafer center to ϳ0.545 at the wafer edge may be attributed to the slight decrease of N partial pressure or the cooler temperature at the wafer edge. Though the composition difference between such large domains and the matrix matches the phase separation in the wafer center ͓Fig. 12͑c͔͒, the formation mechanism of these huge circular Ga-rich domains might be different from the phase separation considering the huge size and distribution location of these separated domains. Since they were observed only in the region near the wafer edge where the temperature was lower than the wafer center, it is possible that they simply originate from Ga droplet formed at the wafer edge during growth.
Taken together, these results indicate unambiguously that AlGaN separates into phases with different compositions, ruling out the possibility that the splitting of the XRD and CL spectra is caused by strain between the AlGaN films and the AlN buffer layers. Additional evidence contradictory to strain-induced peak splitting includes the following: ͑i͒ CL spectra obtained with 1 keV incident beams probe only the first few nanometers 38 yet also display the same peak splitting. If the peak splitting was due to inhomogeneous strain within the film, our depth-resolved CL would have shown differences between the bulk and the surface. ͑ii͒ If the ͑0002͒AlGaN XRD peak splitting was due to strain, then it should decrease monotonically with increasing Al concentration and decreasing strain, yet Fig. 9͑b͒ shows that the secondary peak ͑corresponding to lower Al concentration͒ for x = 0.50 is ϳ40% of the total ͑0002͒ peak intensity, higher than the ϳ30% for x = 0.25. Figure 10 shows the low-temperature NBE emission of the as-grown plan-view AlGaN samples with x = 0.25, 0.5, 0.65, 0.80, 0.97, and 1. In order to establish the uniformity of the CL emissions on a microscopic scale, we performed lowtemperature CLS using thin TEM cross-sectional specimens for samples 8 ͑x = 0.8͒ and 10 ͑x = 0.97͒. Unlike bulk samples, ultrathin ͑Ͻ100 nm͒ TEM samples limit the spread of the electron cascade and backscattered electrons to the sample thickness. Coupled with the nanometer-scale minority carrier diffusion lengths in GaN alloys, 39 a practical spatial resolution below 30 nm can be obtained for incident beam energies of 5 -10 keV. For example, in the TEM specimen with x = 0.97, the AlN domain and the adjacent AlGaN domains ͑shown in Fig. 5͒ could be identified using such nano-CLS. The NBE emission spectra from nanometer-sized areas in both TEM specimens showed rather uniform emissions consistent with the emissions observed in the as-grown plan-view samples. Figure 13 shows the comparison between representative CL spectra from the TEM thin specimen and the as-grown plan-view films. At low temperature, the NBE emission of AlGaN is dominated by the Si-donor bound exciton transition, while the high-energy onset of the NBE emission ͑E 0 ͒ tracks the band gap. 34, 41 For AlN ͑x =1͒, the measured emission peak energy and band gap are 6.035 and 6.178 eV, respectively, which are consistent with previous reports. 41, 42 The CL-measured band gap of epitaxial AlN film is usually smaller than that measured by absorption-6.28 eV. 43 Figure 10 shows that when x decreases from 1 to 0.97, the CL peak energy decreases by ϳ600 meV. Figure  14 shows the deviation of the CL NBE peak energies E X from the calculated I 2 . To calculate the theoretical emission peak energies, the following parameters were used: E g ͑AlN͒ = 6.178 eV, I 2 ͑AlN͒ = 6.035 eV ͑donor bound exciton energy DX 0 = 135 meV͒ and E g ͑GaN͒ = 3.504 eV, I 2 ͑GaN͒ = 3.476 eV ͑DX 0 = 28 meV͒. 40 We assume a linear dependence of the donor binding energy relative to the band gap on the Al mole fraction. The experimental emission energies fit the theoretical I 2 closely at low Al concentration and in pure AlN but are considerably lower for Al-rich samples. The emission energy reduction exceeds 300 meV for x ജ 0.65 with a maximum of 525 meV for sample 8 ͑x = 0.80͒. Besides the emission peak energies, the NBE emission onsets E 0 also display large deviations from calculated values in Al-rich AlGaN samples. Figure 15͑a͒ slightly higher ͑up to ϳ100 meV͒ than the E g ͑b =1͒ values, while for specimens with x ജ 0.65, the E 0 are considerably lower ͑up to 257 meV͒ than E g ͑b =1͒. For b = 0, the trend remains the same, i.e., the deviation of the measured band gap from theoretical value becomes larger with increasing Al mole fraction. In addition, it is noticed that the measured band gaps may vary dramatically in those samples with similar Al mole fraction, e.g., samples 3-5 around x ϳ 0.5 and samples 7-9 around x ϳ 0.8 in Table I . The emission uniformity of both TEM samples in ϳ30 nm scale ruled out the existence of preferential recombination regions with much lower emission energy than other areas and confirmed that the Al-rich samples have lower band gaps and emission peak energies compared to the expected values for random AlGaN.
C. Near band edge CLS at high Al concentration
IV. DISCUSSION
A. Correlation of near band edge emissions with composition modulation
The uniform modulation of composition shown by TEM and XRD, coupled with the reductions of band gap and NBE emission energies shown by CLS, suggests the formation of spontaneous superlattices in AlGaN. The band gap reduction versus Al mole fraction shown in Fig. 15͑b͒ is very consistent with the modulation amplitude indicated by XRD ͑Fig. 7͒ and TEM ͑Fig. 5͒. In those samples with very similar compositions, i.e., x = 0.5 in samples 3-5 and x = 0.8 in samples 7-9, the band gap reductions match the modulation amplitudes very closely. In addition, since the modulation amplitude increases dramatically from the wafer center to the wafer edge in low Al concentration samples ͑Fig. 8͒, the effect of modulation amplitude for the same wafer can be studied for samples with similar Al concentration and almost the same impurity levels of Si and O. CL and XRD results from pieces in different wafer positions in sample 1 ͑x = 0.25͒ and sample 5 ͑x = 0.50͒ confirmed that high modulation amplitude causes larger band gap reduction. Conversely, ϳ5% increase in Al mole fraction was observed for the edge area of sample 5 ͑x = 0.5͒, so ϳ140 meV increase is expected for the band gap and emission energy; however, the observed increases for both are Ͻ50 meV ͓Fig. 12͑c͔͒.
To first order, the band gap reduction can be understood as electron-hole pairs preferentially recombining in local regions with lower band gap, i.e., relatively Ga-rich layers. Indeed, for x = 0.80 and 0.97, CLS NBE energies correspond to Al compositions of x = 0.637 and 0.841, respectively, closely matching the high spatial resolution EDS results ͑0.679 and 0.892, respectively͒. 31 However, more precise calculations should take into account not only composition but also quantum confinement, strain, and tunneling. To fully understand the influence of such spontaneous compositional superlattice on the optical properties, first-principles calculations have been carried out to model the electron and hole miniband energies. 44 Preliminary calculation results integrated in Figs. 15͑a͒ and 15͑b͒ show calculated band gaps and band gap shifts for the maximum possible Al compositional fluctuation in the superlattice ͑set by the condition 0 Ͻ x Al Ͻ 1͒ along with the case of "40% modulation" for which the compositional fluctuation was set to 40% of the AlN mole fraction ͑x͒ for x ഛ 0.8 and decreases linearly from 40% to 0% for 0.8Ͻ x ഛ 1. The effect of spontaneous and piezoelectric polarization on the energy bands was incorporated. 45 The miniband calculations were performed in an effective mass approximation of the Schrödinger equation, and the effective band gaps were thereafter evaluated from the difference of the electron and hole miniband energies. 46 The inset in Fig. 15͑a͒ is a typical calculated band diagram of the superlattice with the miniband energies. Note that a "square-wave" modulation in composition is used as a close approximation to the experimental modulation in Fig.  3͑c͒ . The calculated shifts in band gap for the 40% modulation fit both the trend and the magnitudes of the experimental data to a reasonable accuracy in Figs. 15͑a͒ and 15͑b͒ . Especially, the calculated band gap of the superlattice is blueshifted for average Al compositions lower than x = 0.62 and redshifted for compositions above it. Interestingly, this behavior is also observed experimentally. This indicates that the effect of spontaneous superlattice formation on the elec- tronic and optical properties of the alloys can be explained by the electron and hole miniband model of the superlattice electronic states. On the other hand, it is clearly highlighted in Figs. 15͑a͒ and 15͑b͒ that for large compositional fluctuations, the band gap is redshifted with respect to the bulk gap. Experiments and calculations also revealed similar reductions in band gaps and emission peak energies for spontaneous superlattice in ZnSe x Te 1−x epilayers 47, 48 and 1:1 ordering in III-V ternary alloys 7, 49 and AlGaN. 28, 30, 32 As with the emission onsets in Fig. 15͑b͒ , the deviation of the NBE emission peak positions ͑Fig. 14͒ increases with increasing Al mole fraction. The redshift reaches Ͼ300 meV around x = 0.65 with a maximum of 533 meV for x = 0.80. Such redshift is much higher than the band gap reduction. Thus the difference between E X and E 0 can be Ͼ450 meV. This may also be interpreted in terms of minigap formation in the spontaneous superlattice.
Impurities may also affect the observed band gap reduction in our Si-doped AlGaN. Nam et al. has interpreted their gradually increased redshifts of the I 2 emission line and free excitons with increasing Si doping concentration in terms of a Si-induced band gap renormalization ͑reduction͒.
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However their band gap decreased by only ϳ30 meV with Si doping increasing from 1.5ϫ 10 17 /cm 3 to 1.5ϫ 10 18 /cm 3 -almost ten times lower than the results presented here. In addition, we observed large band gap reduction only in Al-rich AlGaN samples but not in pure AlN with very similar or even higher Si doping level. This result rules out the possibility that our large band gap reductions are due to high level Si doping. Moreover, comparison of the band gap reductions shown in Fig. 15͑b͒ and the Si doping concentrations in Table I also shows no correlation. Similarly, no close correlation has been found between band gap reduction and O concentration or Si+ O. Oxygen is a critical impurity for Al-rich AlGaN since Al has a large affinity for oxygen. Though a very low-O MBE chamber has been used in the growth, 33 high oxygen impurity level has been observed using SIMS in Al-rich AlGaN samples. O-related deep-level states has been identified by depth-resolved CLS in Al-rich AlGaN samples in our previous study, 34 but we did not find evidence for O having a strong influence on the NBE emission. For example, in sample 10 ͑x = 0.97͒, the surface region has considerably higher O than the bulk and exhibited a 4.76 eV deep-level emission, 34 but the NBE emissions from surface region and bulk were almost the same.
B. Driving force for alloy-dependent compositional inhomogeneity
Phase separation is considered unlikely in AlGaN due to the small lattice mismatch between AlN and GaN. Calculations based on different approaches have shown that AlGaN is miscible in typical growth temperatures and the critical temperature for spinodal decomposition is very low. 14, [16] [17] [18] In contrast, the InGaN alloy has been shown by both calculation [15] [16] [17] [18] and experiment 9 to be thermodynamic unstable for typical growth temperatures, and phase separation is spinodal in nature. However, most currently available calculations were based on cubic ͑zinc blende͒ structure AlGaN.
The lattice mismatch between cubic AlN and GaN is ϳ3.2%, which is higher than that for a nonpolar axis of wurtzite AlGaN but significantly smaller than the 4.1% c-axis mismatch of wurtzite AlGaN.
Our results showed unambiguous evidence of phase separation in AlGaN films, which introduces splitting of the UV emission peak and can affect optical applications. Collins et al. 50 and Sampath et al. 50 have proposed that nanoscale compositional inhomogeneities can enhance luminescence efficiency, which is consistent with our observation in x = 0.25 AlGaN ͑Figs. 10 and 11͒ showing that the emission intensity from the secondary low Al phase is considerably stronger than that from the majority high Al phase. We also showed that the compositional variation due to phase separation in AlGaN is much smaller compared to that in InGaN and could be easily overlooked by a low resolution double-axis XRD scan. This suggests that the driving force for phase separation in AlGaN has been underestimated. Recently, Sun et al. reported that phase separation was enhanced for higher temperature growth of AlN interlayers between MOCVD-grown AlGaN on micron-thick GaN substrates, 51 a result attributed to an inhomogeneous distribution of strain and Al composition in the high-temperature interlayer. Figure 12͑d͒ illustrates the rough alignment of the secondary domains along particular directions, which may imply that strain is involved in the phase separation. However, we found slightly larger phase separation for samples with x = 0.5 vs x = 0.25, which is inconsistent with such strain-induced phase separation. Further work is needed to clarify the kinetic and thermodynamic characteristics of the phase separation in AlGaN epilayers.
Our results show clearly that the spontaneous modulation is atomic compositional modulation. It has been shown in cubic III-V alloys that spontaneous long range ordering/ compositional modulation is not driven by bulk thermodynamics but by surface or near surface phenomena. [6] [7] [8] So surface kinetic factors are expected to play important roles in such atomic compositional modulation. Previous work already showed that the periods of the spontaneous ordering/ modulation in AlGaN strongly depend on growth conditions. Iliopoulos et al. reported that the 1:1 ordering in MBEgrown AlGaN films was preferred under N-rich growth conditions, while group-III-rich conditions favored longer period modulation. 24 Strittmatter et al. varied the modulation period from 5.5 to 8.3 nm by increasing the growth rate from 1.4 to 2.5 m / h using MOCVD. 29 Recently, Albrecht et al. adapted a growth model for 1:1 ordering originally proposed for InGaN into AlGaN, which suggested that the system can minimize its energy by incorporating Al and Ga selectively to the two group III sites on ͕1101͖ facets. 30 There is no available detailed model for the compositional modulation thus far, but some reports seem to support a general model for self-organized semiconductor alloy superlattices, suggesting that differences in atomic sizes and diffusion mobilities of the alloyed atoms could generate modulated tensile strain and compressive strain at the growth surface and introduce spontaneous superlattice close to growth direction. 52 This model predicted a small deviation between the growth direction and the superlattice direction, which was observed in AlGaN superlattices by Iliopoulos et al. 24 However, this model suggested that increasing the growth rate induces shorter superlattice period, which is contradictory to the experimental results by Strittmatter et al. 29 and in our study. In this study, we demonstrate that the spontaneous modulation in AlGaN varies systematically with the AlN mole fraction; meanwhile the growth rate and temperature have strong influences. In contrast to the dramatic change of modulation amplitude, the modulation period observed in the wafer central areas only varies from 12 ML ͑ϳ3 nm͒ to 10 ML ͑ϳ2.5 nm͒ with increasing AlN mole fraction from 0.25 to 0.8 when the growth rate is constant, which suggests that the modulation period is not sensitive to the composition. However, our results may indicate that the modulation period is very sensitive to the growth rate and decreases from 10 ML ͑ϳ2.5 nm͒ to 7 ML ͑ϳ1.75 nm͒ almost proportionally for x ϳ 0.80 with growth rate decreased from ϳ400 to ϳ 290 nm/ h, which is similar to the observation by Strittmatter et al., 29 even though the latter case employed MOCVD and very different growth conditions.
Our observation has indicated that the spontaneous modulation has a radial dependence, i.e., the modulation period decreases largely in the near wafer edge area, and for x ഛ 0.5, the modulation amplitude increases dramatically near the wafer edge. Under group-III-rich growth condition, the growth rate is determined by the N flux and the AlN mole fraction is determined by Al flux/N flux. 4 The plasma N source may introduce a slight decrease of N flux near the wafer edge, which may lead to a decrease of growth rate and therefore a shorter modulation period near the edge. However, the increase in AlN mole fraction from the wafer center to the wafer edge has been found to be only ϳ5%, leading to an ϳ5.3% decrease in N flux and thus the growth rate. Such slight change is believed not sufficient to cause the dramatic changes in both modulation period and amplitude. We tend to believe that the main reason for the radial dependence, especially the pronounced enhancement of modulation amplitude for low Al concentration AlGaN near the wafer edge, is the 20-30°C decrease in temperature from the wafer center to the wafer edge. The growth temperature has been shown to have a major influence on the degree of spontaneous long range ordering in III-V alloys. [6] [7] [8] The influences of growth temperature and growth rate on the spontaneous superlattice structure in AlGaN still need to be studied systematically.
The complementary dependence of compositional modulation and phase separation on AlN mole fraction observed in this study suggests that the different diffusion behaviors of Ga and Al play an important role. Al has much stronger bonding with N and much less mobility compared to Ga. For Al-rich AlGaN, the slower diffusing Al atoms dominate subsequent growth and cooling so that surface compositional modulation is more likely to remain intact. At low Al concentration, the faster Ga diffusion dominates. This facilitates phase separation requiring longer diffusion length.
In addition to the large UV wavelength shift, the spontaneous superlattice has possible application to light emitting diodes where longer wavelength emission can occur from a short period superlattice bounded by bulk AlGaN with the same lattice constant. 31 Lateral confinement due to index of refraction could be reduced, thus raising vertical light emission efficiency.
V. CONCLUSION
In conclusion, the compositional inhomogeneity in MBE-grown AlGaN epilayers and its effects on optical emission have been studied by TEM, XRD, and CLS, which reveal spontaneous modulation, phase separation, and band gap reductions varying systematically with AlN mole fraction across the full alloy series. At low AlN mole fraction ͑x ഛ 0.5͒, AlGaN epilayers display pronounced phase separation. With increasing AlN mole fraction, phase separation is strongly suppressed by the formation of spontaneous modulation, in which high spatial resolution TEM techniques unambiguously determine to be atomic-scale compositional superlattices. The pronounced reductions in band gaps and emission energies exceeding several hundred meV for the Al-rich AlGaN can be understood in terms of spontaneous superlattice formation.
